Twenty-five inclusion complexes formed by fe(N-alkyiimidazolidine-2-thione)cuprous halides with the small, chlorine-containing guest molecules CC1 4 , CHC1 3 , CH 2 C1 2 , CH 3 CC1 3 or C 2 H 2 C1 2 , have been prepared. Their 63 Cu and 35 C1 NQR spectra have been measured over the temperature range 77-300 K. For the corresponding bromides the 79 Br and/or 81 Br spectra have also been investigated. The studies reveal the number and symmetry of different inclusion site. The onset of rapid reorientation of the guest molecules is indicated by the fading out of their NQR signals between 77 and 300 K, whereas the resonances from the host molecules usually persist throughout this temperature range. However, as evidenced by discontinuities in the temperature-dependence of the NQR frequencies of the hosts, sixteen of the complexes show one or more phase-changes in this temperature-range.
Introduction
We have previously demonstrated the utility of nuclear quadrupole resonance (NQR) for the study of the behaviour of small guest molecules in a variety of inclusion complexes [1] [2] [3] . The temperature-dependence of the NQR frequency depends on the temperature-variation of the mobility of the guest molecule. It would clearly be interesting to have data from quadrupolar probes in both the guest and the host molecules that would permit to correlate changes in the resonances of the guest molecules with changes in the host lattice. Our studies of the NQR spectra of 63 Cu and 35 C1 in Zn's(N-alkylimidazolidine-2-thione) cuprous halides [4, 5] revealed that they form inclusion complexes with small chlorine-containing guests, such as chloroform, when the alkyl substituent is larger than methyl: N-ethylimidazolidine-2-thione (ETIZT), N-propylimidazolidine-2-thione (PRIZT), N-isopropylimidazolidine-2-thione (iPRIZT), N-butylimidazolidine-2-thione (BUIZT), N-isobutylimidazolidine-2-thione (iBUIZT). We report here the results of an investigation of the temperature-dependence of the 63 Cu and 35 C1, and in some cases the 79 Br-and/or 81 Br-NQR frequencies of the complexes listed in Table 1 . 
Experimental a) Preparations
The host complexes were prepared as previously reported [4, 5] or by a straightforward extension of the method to another alkyl substituent. The inclusion complexes were prepared by recrystallization from the guest solvent, or for CC1 4 by recrystallisation from a 1:2 mixture of CC1 4 and (CH 3 ) 2 CO. The complexes 0932-0784 / 96 / 0500-0500 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen (N-methylimidazolidine-2-thione) 2 CuX, (X = C1, Br, I), (N-isopropylimidazolidine-2-thione) 2 CuI and (Nbutylimidazolidine-2-thione) 2 CuCl did not include any of the guests. The guest CH 2 C1 2 was often lost rapidly and did not give an NQR signal. CC1 4 formed complexes only with the chlorides or bromides. Finally 1,2-dichloroethane was included only by (N-isopropylimidazolidine-2-thione) 2 CuBr. Twenty-five complexes are listed in Table 1 and were characterised either by elemental C, H, N analysis or by H'-NMR, the analytical results being shown in Table 2 . A number of attempts were made to determine the crystal structure of the complexes, but difficulties arising from loss of the guest molecule and break-down of the crys- 
Results and Discussion
Since the spins of both copper isotopes are 3/2, the unique resonance frequency is a function of both the coupling constant and the asymmetry parameter rj:
For an asymmetry parameter of 0.5, the error in equating the coupling constant to twice the resonance frequency is 4%. The resonance 63 Cu NQR frequencies, Table 3 , and, where they are available, the 81 Br NQR frequencies, Table 4 , of the pure complexes are all very similar to those of the inclusion complexes. The differences that do occur probably reflect small changes in the S-Cu-S bond-angle, where we have demonstrated that an increase in this angle leads to a decrease in the 63 Cu NQR frequency [6] . There is a rough negative correlation between the shifts of the 63 Cu and the 81 Br resonances (Figure 1 ). An increase in the S-Cu-S bond-angle is expected to decrease the extent of bonding between the Cu and Br atoms [7] , and if the interaction with the copper atom were the only bonding interaction undergone by the bromine atom, this would certainly lead to a decrease in the resonance frequency. For the pure host complexes 6is(N-methylimidazolidine-2-thione)CuBr, 6is(N-ethyhmidazolidine-2-thione)CuBr and bis{N- 
(19).
Although the 63 Cu frequencies correlate well with the bond-angle, the correlation with the 81 Br resonance frequency is not well defined. The crystal structures of the imidazolidine-2-thione complexes clearly indicate significant hydrogen-bonding between the bromine atom and the hydrogen atoms on the two adjacent NH groups of the imidazolidine ring [6] , and a decrease in the Cu-Br bond-length will modify the Br-H interaction both with respect to the degree of bonding and to the H-Br-H angle. The net results of these modifications on the 81 Br frequencies are thus difficult to predict.
As revealed by the temperature-dependence of their 63 Cu NQR spectra and of their 81 Br spectra, sixteen of the twenty-Five complexes studied, 2-4, 7, 9-12, 15-21, and 25, showed phase changes in the range 77-300 K. The temperature-dependence of each phase of each complex was fitted to a quadratic equation
The parameters of these quadratics, together with the frequencies observed at 77 K and temperature ranges are shown in Tables 3 and 4 for the  63 Cu and  81 Br  nuclei, whild Tables 5a-5e shown Finally Table 6 lists the temperatures at which phasechanges occur.
A particularly rich example of multiple phases is furnished by 19, where both nuclei of the host molecule have been observed. Figures 2 and 3 show respec- does not bring about any major alteration of the structure of the copper complex. The number of NQR signals given by a particular host is an indication of the symmetry of the inclusion site. For CC1 4 three types of behaviour were observed; for 1 and 4 only two signals with the same intensity could be seen, indicative of a site of C 2v symmetry, while complexes 2, 5 and 6 showed four signals and, although it is possible that this could be due to two different sites of C 2v symmetry, the more economical interpretation is that the sites are essentially bereft of any significant symmetry element. so that there are three signal in an intensity ratio of 2:1:1. Guest molecules of CHC1 3 give rise to three signals in almost every case (7-13, 15, 17), again indicating that the guest is at a site of low symmetry. Complexes 14 and 16 gave six resonances, so that for these complexes there are at least two sites, both of low symmetry. CH 2 C1 2 shows a similar behaviour, where 20, 21 and 22 show the two signals characteristic of inclusion sites of low symmetry while 18 and 19 show four resonance indicating that for these complexes there are at least two distinct inclusion sites.
In most cases the 35 C1 resonances of the guest molecule were visible only at low temperatures, usually fading out at temperatures in the range 100-200 K. As discussed in [1] [2] [3] , this behaviour is due to the fact that the guest molecule can reorient within the cavity or channel of the host crystal and that, when this molecular reorientation is sufficiently rapid, the 35 C1 line broadens and disappears. In several cases one of the lines persists to higher temperature than the others. An example of this is shown in Fig. 4 for complex 5, where three of the four lines of the CC1 4 guest fades out at around 140 K while the remaining line persists up to 175 K. This behaviour is reminiscent of the behaviour of CC1 4 included in cavities with three-fold symmetry [1] [2] [3] with one of the CC1 bonds -the axial chlorine atom -lying along the three-fold axis, where there are therefore only two resonances with intensityratios 3:1. The site symmetry permits easy rotation about the three-fold symmetry axis so that the more intense lines -arising from the three equatorial chlorine atoms -fade out rapidly, but since rotation about the three-fold axis does not alter the direction of the field-gradient z axis of the axial chlorine atom its resonance remains visible until a more general tumbling motion sets in. The cavity in 5 is thus probably elongated but of low symmetry, so that the three equatorial chlorine atoms are not absolutely equivalent.
In two cases a discontinuity of the resonances of the guest molecule is not reflected in the resonances of the host lattice; they must be associated with second-order phase changes that involve motion of only the guest molecule. The results for 9 are shown in shows a discontinuity that is evidence of yet another phase-change. The persistence of the resonances of the guest molecule up to this rather high temperature is an indication either that the volume of the inclusion cavity in the temperature range 77-220 K is lower or that the host-guest interactions are greater than those for the high-temperature phase.
Another example of a discontinuity occurring only for the guest molecule is shown for 2 in Figure 5 . From 77 K to 110 K the resonances of CC1 4 are two closelyspaced doublets, but above this temperature the higher frequency pair disappears while the lower frequency pair collapses to a single line with an increased intensity. The fact that all four lines disappear at the almost same temperature implies that the four signals are due to four inequivalent chlorine atoms of CC1 4 occupying just one inclusion site but, in the absence of a crystal-structure determination, we cannot exclude the possibility that they arise from two different sites, each having C 2v symmetry. The single line that persists after the phase-change implies, as for 5, a motion of the guest molecule that considerably alters the directions of the field-gradient tensors for the high-frequency pair while provoking only a small variation in the directions of the tensors of the low-frequency pair. The absence of aby discontinuity in the resonance of the host lattice militates against the alternative explanation that the CC1 4 guest now occupies a site with T d symmetry.
In view of the bulk of the guest molecule it is not surprising that, apart from 9, the only complex for which the 35 C1 resonance of the guest molecule persists up to relatively high temperatures is 25. Only one resonance is observed, thus showing that the site of the guest molecule has at least one element of two-fold symmetry so that the equivalence of the two chlorine atoms is preserved. More interesting is the shape of the temperature dependence ( Figure 7) . From 77 K to 177 K the frequency drops by 0.6 MHz, but by the time the resonance fades out some 80 K later the frequency has dropped by a further 1.3 MHz while just before the fade-out the temperature dependence has flattened out somewhat. This behaviour recalls that of the pure crystalline guest molecule where the 35 C1
temperature-dependence has a sigmoid shape that has been shown to arise from the onset of rapid rotation about an axis going approximately through the line joining the two chlorine atoms [8] . The rapid rotation of a molecule about an axis having an angle 9 with respect to the field-gradient z-axis reduces the resonance frequency according to the equation ^static ^
In trans-dichloroethane the line joining the two chlorine atoms has an angle of 19° to the C-Cl bonds, and thus to the principal axis of the 35 C1 field-gradient, so that rapid rotation reduces the coupling constant by the factor 0.84. We have not, however, succeeded in observing the 35 C1 signal at temperatures up to 300 K where, if our hypothesis is correct, we might have expected to observe the resonance once again. However, if other types of reorientation are also facilitated at this relatively high temperature, the 35 C1
signal would no longer be visible.
Conclusion
We have used 63 Cu, 35 C1 and 81 Br NQR to study a new series of inclusion compounds formed by bis(Nalkylimidazolidine-2-thione)cuprous halides with small chlorine-containing guest molecules, such as CC1 4 , CHC1 3 , CH 2 C1 2 , CH 3 CC1 3 and C 2 H 2 C1 2 . When both host and guest resonances can be studied, NQR is a particularly appropriate method for the study of inclusion compounds, especially for unstable compounds since we may leave them in contact with the pure guest. The site multiplicity and the site symmetry of the guests are indicated by the number of their resonance lines, while the temperature dependence curves reveal the phase changes and motions of the guest molecule.
